Live imaging has revolutionized the analysis of developmental biology over the last few years. The ability to track in real time the dynamic processes that occur at tissue and cellular levels gives a much clearer view of development, and allows greater temporal resolution, than is possible with fixed tissue. Drosophila imaginal discs are a particularly important model of many aspects of development, but their small size and location inside the larva and pupa has prevented live imaging techniques from extensively being used in their study. Here, we introduce the use of viscous culture medium to enable high resolution imaging of imaginal disc development. As a proof of principle, we have analyzed the transformation that occurs during metamorphosis of the wing imaginal disc into the mature wing and report several previously unobserved stages of this model of organogenesis. These imaging methods are especially useful to study the complex and dynamic changes that occur during morphogenesis, but we show that they can also be used to analyze other developmental and cellular events. Moreover, our viscous medium creates a platform for future adaptation of other tissue culture conditions to allow imaging of a wide range of developmental events and systems.
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wing | eversion | organogenesis | epithelia L ive imaging techniques in cell and developmental biology have rapidly evolved in the past few years. The study of dynamic and complex developmental processes such as cell division, migration, and morphogenesis have particularly benefited by the ability to view living tissue by time-lapse microscopy. The nature of Drosophila development, together with the diversity of genetic tools available, including mutants, mitotic clone techniques, and a wide range of fluorescently marked proteins, has made this organism an excellent subject for these approaches. Live imaging of the Drosophila embryo has been extensively used to follow, among many other processes, dorsal closure, germ band extension, wound healing, myoblast fusion, and cell death (1) (2) (3) (4) .
In larval and pupal stages, live imaging is more difficult, but some processes, such as the migration of histoblasts in the abdomen (5, 6) , have been successfully filmed. Particularly difficult to image are imaginal discs, the epithelial precursors of most adult organs, which are some of the most highly studied developmental models: they are small and buried within the opaque larval or pupal body. Reported live imaging of imaginal discs has been limited but includes analysis of rotation of the ommatidia in the eye imaginal disc (7) and analysis of epithelial cell packing, as well as glial migration in the pupal wing (8, 9) . Beyond embryos and imaginal discs, a few other organ culture systems have been developed, including the migration of follicle cells in the oocyte and aspects of brain development (10, 11) .
During Drosophila metamorphosis, extensive and complex remodeling of larval tissues sculpts the adult; specifically, the adult abdomen forms from the histoblasts and all other exoskeleton structures derive from the imaginal discs. These events provide a valuable model of organ formation, but the degree of tissue movement, and its location within the pupa, has made metamorphosis difficult to study.
Imaginal discs are formed by two contiguous epithelia, a columnar layer, the disc proper (DP), and a squamous layer, the peripodial epithelium (PE), the latter contributing little to the final adult structure; together they form a bag-like double epithelium (Fig. 1A) . During metamorphosis the imaginal discs are completely remodeled in an evagination process comprising two discrete stages: elongation, during which the columnar epithelium lengthens and changes shape; and eversion, when contraction of the PE is thought to drive the appendages through the larval epidermis (12) (reviewed in refs. 13, 14) . The interaction between the PE and the larval epidermis has been described to be essential (15) , as is the partial invasion of the larval walls by the stalk cells (15) , but the difficulty of analyzing this dynamic process in fixed tissue has prevented a full analysis of the cellular changes that occur. Fluorescence tomography has been used to image evagination in vivo but has limited resolution (16) .
We have developed an ex vivo culture system that allows direct confocal imaging of imaginal discs for up to about 24 h. It extends organ culture studies pioneered by Milner in the 1970s (17, 18) and elaborates culture conditions to allow real time and high resolution confocal microscopy of disc development. In variations of the method, we have cultured discs attached or unattached to the pupal epidermis. To validate these techniques, we here describe wing disc eversion, although they are adaptable to multiple developmental processes in all imaginal discs. Indeed, while imaging morphogenesis, we have observed processes such as the formation of sensory organs, pupal cell divisions at the dorsal/ventral boundary, patterned apoptosis, and wound healing. Comparison of live processes ex vivo with fixed tissue dissected at different stages and with previously published data (15) gives us confidence that our system reproduces normal events. Overall, this method brings together the advantages of Drosophila imaginal discs as a model system with the power of live imaging of development.
Results
A Method to Image Imaginal Disc Development ex Vivo. Experiments from the 1970s by Milner and colleagues (17-19) described culture medium needed to allow ex vivo evagination of imaginal discs. This media, however, is not compatible with confocal imaging of the explanted disc. The lack of attachment of the specimen to a substrate prevents positioning of the tissue; moreover, the specimen easily drifts out of focus. We have revisited these now somewhat neglected approaches but, to eliminate the problems associated with high resolution imaging of development, we have developed modifications of the media and designed simple support chambers to allow imaging of discs attached or unattached to the pupal case (Fig. 1 ). In the case of explanted discs, we have modified the eversion media recipe to increase its viscosity to a point where the tissue can be held in a precise position to allow long-term imaging without drifting while leaving it sufficiently unconstrained for normal tissue remodeling not to be impeded. We experimented with several viscosity agents but found that 2.5% methyl cellulose was best. This technique allows imaging with either an inverted or upright microscope, making it easy to implement in any laboratory with access to a confocal microscope. For use with an upright microscope, we have designed a simple and cheap culture chamber that consists of a coverslip and oxygen permeable membrane, with a depth that allows morphogenetic movements but at the same time prevents discs from moving out of focus ( Fig. 1B and Experimental Procedures).
In parallel, we developed a further modification to earlier ex vivo approaches. Because imaginal discs are normally attached to the larval and pupal epidermis, we also wanted to be able to image development in this more normal tissue context. For this, we dissected the pupa in culture medium but left the discs attached as normal to the pupal epidermal wall. This was done with two specific cuts: first, we removed the posterior of the pupa by cutting along the axial plane (Fig. 1C) ; second, we bisected the remaining anterior portion along the line of left-right symmetry (Fig. 1D ). The two halves of the pupal case then contain imaginal discs that are sufficiently exposed to image (Fig. 1E ). The exposed face was then placed facing the coverslip and immobilized with a drop of agarose (Fig. 1F ). In this arrangement, the agarose covers the external part of the case with the discs free to move in the liquid medium; in this case, the extra viscosity of methyl cellulose is not required. The imaging of the pupal case immobilized under an agarose drop requires the use of an inverted microscope.
We studied the development of the wing imaginal disc during metamorphosis to validate these live imaging approaches. As described above, eversion remains poorly understood because the major tissue remodeling is difficult to follow in fixed tissue. We imaged unattached discs from the last 2 h of the third larval instar. It is easier to interpret the morphogenetic changes that occur in these unattached discs because they are free of extraneous tissue ( Fig. 2 and Movies S1 and S2). However, because the interaction with epidermis is likely to be relevant to the final remodeling process, we validated these observations by studying similar stages of discs still attached to the pupal case ( Fig. 3 and Movies S3 and S4). The combination of both techniques provided information about the differential contribution to eversion of the imaginal disc itself and of the larval epidermis.
The viscosity of the ex vivo medium allowed the disc to be positioned so that images can be recorded in the primary plane of the disc epithelium ( Fig. 2A and Movie S1) or perpendicular to it ( Fig. 2B and Movie S2). We have not analyzed in detail wing discs at earlier times because we found that the culture conditions caused premature induction of metamorphosis in young discs (Movie S5). The culture of attached discs can start about 3 h after pupariation, when the rigidity of the pupal case makes the dissection possible (Fig. 3 ).
This pair of techniques is compatible with any fluorescent labeling method. In the case described here, we have imaged development with fluorescent reporter proteins derived from publicly available protein trap constructs. A transgene with the adherens junction protein Armadillo (Arm) (also known as β-catenin) linked to GFP (Flybase) labels apical cell contours of both the columnar and squamous epithelial layers. GFP-tagged regulatory light chain of nonmuscle myosin II, Spaghetti squash (Sqh), has a stronger signal in the PE and even in the disc proper, where it accumulates apically, the cytoplasmic signal is sufficient to see the whole cell (20) . We have marked nuclei with Histone2A-mRFP (Flybase). The spatial and temporal resolution achieved depends simply on the objective and the scanning speed of the microscope used. In this study we typically used a 20× dry or a 25× oil immersion objective and 20-40 min intervals between z-stacks, but greater magnification and higher temporal resolution works equally well.
Imaging Evagination of the Wing Imaginal Disc. Evagination of the imaginal wing disc takes place over about 12 h. Figs. 2 and 3 show frames from movies of, respectively, unattached and at- tached discs, and the processes we describe are shown diagrammatically in Fig. 4 and Fig. S1 . However, we encourage readers to view the movies directly: it is very difficult to illustrate dynamic 3D remodeling in still images, underscoring the need for live imaging as a primary data source in these kinds of study.
Combining the information obtained from more than 40 movies, we have divided the evagination process into two steps: folding and retraction. All of our analysis is derived from movies of discs dissected at a similar stage and which were undamaged. Before folding starts, the presumptive wing is a relatively flat bilayer epithelium (Figs. 2 A and B and 4A); the future dorsal and ventral surfaces of the wing are adjacent to each other in the same plane, separated by the wing margin. The wing margin then moves so that the wing surfaces become apposed on opposite sides of the disc proper-the PE remains stretched over the disc proper as these movements occur, expanding to cover the entire presumptive wing (Fig. 4 B and C) . Once the wing margin reaches the border of the disc, the disc folds up to 90°from its initial plane (Figs. 2 and  4 A and C) . Although the movement of the wing margin and expansion of the PE are gradual processes, the folding happens quite fast. Fig. 4D , showing the attached disc, indicates how the folding brings the PE cells into close proximity with the larval epidermis (in red). The whole folding process can be seen in unattached cultured discs, but almost all of the attached discs already show some folding by the time they are dissected ( Fig. 3 and 4D) . Furthermore, attached discs only fold to about 45°from their initial plane, presumably because of constraints imposed by the associated pupal epidermis.
The second step of evagination is peripodial retraction. This step corresponds with eversion in vivo, the movement of the disc through the pupal epidermis. In unattached discs, a hole opens at the stalk region (Fig. 2B ) and the PE rapidly moves over the DP following a wave of retraction ( Fig. 2 A and B and Movies S1 and S2). During this process the PE loses its epithelial morphology, and, by end of the retraction when the PE passes over the wing margin, the cells are round and separated (Fig. 2A) ; in fact, most of the squamous layer disintegrates, although some PE cells remain attached to the thorax and appear mesenchymal. The retraction is fast, being completed in 1 or 2 h (Fig. 2 A and B and Movies S1 and S2). After retraction, the disc expands, the folds in the columnar epithelium disappear, and both thorax and wing region expand. Particularly remarkable is the rapid expansion of the wing into an easily recognizable adult structure (Fig. 2 A and  B) . Importantly, both the final everted discs and the intermediate steps are comparable to discs dissected from equivalent pupal stages and previous reports, suggesting that our explants resemble the process in vivo.
In the attached disc, retraction has different consequences, owing to the substrate to which the disc is anchored. The contact between disc and epidermis starts at the stalk region and, as peripodial retraction progresses, contact extends from the proximal thorax to the most distal regions, the wing blade (Figs. 3  and 4) . The most distal tip of the wing never interacts with the epidermis. During the initial stages of retraction, clear separation frequently occurs between the PE and the DP (Fig. 3B and Movie S4). It has previously been reported that the stalk cells invade the epidermis so that the opening of the stalk creates a hole through which the disc can emerge (15) . Our observations are consistent with this. We see that once the PE cells are closely apposed to the pupal epidermis, there is a subsequent contraction of the PE that corresponds to the retraction observed in movies of unattached discs (Fig. 3B and Movie S4). We interpret this contraction to be responsible for driving the eversion of the disc into the space between the larval epithelium and the outer cuticle. We have observed that in the cases where, due to the mounting process, the PE and the larval walls are not in proximity to each other, the disc does not evert properly, suggesting that the interaction between them remains essential for eversion. Overall, the information coming from both culture systems, although showing some differences due to the constraints and limitations of each approach, can be integrated into a coherent interpretation of the dynamics of eversion in vivo.
During retraction, PE cells transform from epithelial to a mass of rounded cells, which appear to disintegrate. We used an apoptotic marker, apoliner, which moves from plasma membrane to nucleus at the onset of apoptosis (21) , to confirm that, indeed, a wave of programmed cell death sweeps across the PE, eliminating most, if not all, cells (Movie S6).
Further Applications of ex Vivo Culture and Imaging. We have focused on wing disc eversion as a proof of principle for disc culturing and imaging, but the use of viscous medium is also valuable for studies of other developmental processes that occur in discs, including those that need to be followed at a cellular level with high temporal resolution. For example, using a 100× objective, we are able to image at 10-min intervals on a spinning disc microscope ( Fig. 5A and Movies S7 and S8); in fact, the timing can be much faster if a smaller field of view and shallower z-stack is specified. To illustrate the versatility of these approaches, we have imaged a number of distinct developmental processes that we observed while studying eversion.
Where appropriate genetically encoded markers exist, intracellular events can be tracked. We show the reorganization of intracellular myosin-II-rich fibers that occurs as cell shapes change ( Fig. 5A and Movie S7), but another powerful use would be to follow signaling events in real time. An additional advantage of ex vivo culture is that it allows the simple application of exogenous markers, compounds, and drugs. For example, fluorescently labeled annexin-V (22) added to the medium provides a simple reporter of apoptosis without the need for a genetic marker (Fig. 5B and Movie S9); we have also used FM lypophilic dyes as markers. Imaginal discs are particularly intensively studied models of cell proliferation, and this is also a readily observed phenomenon in culture, both at a whole tissue level Representation of the disc attached to the pupal case. The cuticle and the epidermis are represented in red. The three steps show how the disc approaches the epidermis, the PE contracts, folding the whole disc, and the basal part of the columnar epithelium protrudes (arrow). Fig. 3 . Interaction between the wing disc and the pupal epidermis. (A) Frames from Movie S3 a prepupal imaginal disc attached to the pupal case. The disc expresses Sqh-GFP (green) and grunge-Gal4 >UAS-RFP (red). The red label also marks the close opposed pupal case and epidermis (white arrow). In the first frames, the PE cells are weakly stained, but when the contraction starts, intensity increases (orange arrows). At the same time the DP gets closer to the epidermis, folds, and protrudes its basal part (yellow arrows). (B) Frames from Movie S4, showing a His2A-mRFP (red), Sqh-GFP (green) wing disc. In this example, the separation between the disc proper and PE is very clear (orange arrows). The yellow arrows highlight the squamous epithelium retracting. The columnar epithelium protrudes from inside.
( Fig. 5C and Movie S10) and, when appropriate markers are used, in individual cells (Fig. 5D and Movie S11). Wound healing is yet another process that can be imaged in ex vivo culture: Fig.  5E and Movie S12 track the repair of a needle-stick injury to a wing disc, highlighting with GFP-tagged myosin II the reorganization of the actomyosin cytoskeleton. Finally, in this brief catalog to emphasize the range of developmental processes that can be imaged using these culture conditions, we have followed the patterned divisions and differentiation that leads to the development of sensory organs along the wing veins ( Fig. 5F and Movie S13).
Discussion
Drosophila imaginal discs have provided great insight into mechanisms of development. Their growth and differentiation from simple epithelial sheets, comprising a small number of cells, to complex 3D organs of thousands of cells, represents a model of many general developmental processes including growth, proliferation, differentiation, morphogenesis, programmed cell death, and epithelial reorganization. The extensive genetic techniques available for their study include the use of mitotic clones, Gal4/UAS targeted gene expression, and transposon mutagenesis. Here we introduce live imaging methods that significantly extend the scope of imaginal discs as developmental models. To validate the use of live imaging to analyze morphogenesis in viscous medium, we have focused on metamorphosis as a model of epithelial remodeling and organogenesis-a process particularly suited to live imaging-but the ability to track development in real time provides a potential resource for the analysis of most processes that occur in discs.
Previous work describing metamorphosis of imaginal discs has primarily relied on observing dissected, fixed tissue. This makes it difficult to interpret the complex remodeling, does not allow high temporal resolution of the sequence of events, and introduces significant fixation artifacts (for example, the collapse onto the columnar epithelium of the adjacent squamous epithelium). Our description of disc eversion agrees in many ways with previously reported data, which, combined with our complementary data from attached and unattached discs, give us confidence that the culture system is faithfully reproducing in vivo development. Unsurprisingly, however, it has also revealed several events that have not previously been reported, again emphasizing the extra information that is acquired by direct observation of living tissue. These include previously undescribed morphogenetic movements like the 90°folding of the disc, the subsequent rapprochement with the pupal epidermis, and the unexpected disintegration by apoptosis of most of the PE. Limited apoptosis in the stalk region has been described (15) , but the coordinated death of the whole peripodial layer has previously been unreported.
Overall, the movements we describe here suggest that the folding of the disc drives the approach of the whole disc to the pupal wall. It has previously been proposed that contraction of the PE is responsible for the forces needed during the eversion of the disc (13, 15) . Our data support this and further suggest that the interaction between the PE and the pupal epidermis also participates in the mechanics of disc eversion.
The particular features of the culture methods we have developed include the ability to follow disc development over long periods (at least 24 h), viscous medium that supports discs in any orientation and prevents drifting, the use of confocal imaging to reconstruct tissue development in 3D, and temporal and spatial resolution limited only by microscope technology and the size of the tissue under observation. Another major advantage is the simplicity of the technique: it does not rely on any unusual equipment or reagents. Finally, in addition to being applicable to all imaginal discs, viscous culture media could easily be adapted to facilitate live imaging of other organ systems in Drosophila and other species.
Methods
Eversion Media Composition. Shields and Shang M3 insectum medium from Sigma (S3652) was supplemented with 2% FCS and 0.5% penicillin-streptomycin (15140-122; Invitrogen). Ecdysone from Sigma, 20-hydroxyecdysone H5142, was stored in a stock solution of 500 μg/mL in 10% isopropanol at −20°C, and added at a final concentration of 0.1 μg/mL for unattached discs and 0.5 μg/mL for attached discs. To culture unattached discs, methyl-cellulose (M0387-100G; Sigma) was added at a concentration of 2.5% wt/vol. The methyl-cellulose was added to the media with ecdysone and stirred until dissolved, then left overnight at 4°C to eliminate bubbles; 1 mL aliquots were stored at −20°C. The frozen media works for up to 3 mo.
Fly Stocks and Genetics. Flies were grown under standard culture techniques. The following lines were used: sqh-GFP (20); arm-GFP, UAS-mRFP, His2A-mRFP1 (Flybase), UAS-E-cad-GFP (2), grunge-Gal4 (23), Ubx-Gal4 LDN (24) . Overexpression using the Gal4/UAS system (25) was performed at 25°C.
Annexin-V Staining. We used the annexin-V-CY3 apoptosis kit from Biovision (catalog no. K103-25). Annexin-V was added to the media at a dilution 1/200. Dissection and Mounting. Late third instar larvae were washed in sterile PBS and disinfected in 70% ethanol for 5 min. After rinsing in PBS, they were transferred to eversion media, without methylcellulose, where the discs were carefully dissected using forceps and needles. Wounded discs were discarded. Unharmed discs were placed in an observation chamber, when being imaged on an upright microscope, or in a 35-mm culture dish with glass bottom (Fluorodish FD35-100, World Precision Instruments, Sarasota, FL), when an inverted microscope was being used. After dissection, the media was replaced with viscous media: approximately 30 μL in the observation chamber and 1 mL in culture dishes. The discs were then positioned carefully with a needle. When an observation chamber was used, it was covered with an oxygen semipermeable membrane, (catalog number 5793; YSI).
Attached discs were dissected in eversion media. The posterior tip of pupae 3 h postpupariation was removed at the level of the spiracles with microdissection scissors. A second transverse cut in the medial region was then made, leaving approximately the anterior 50% of the pupa. Finally a third cut was made longitudinally, leaving two mirror-image halves, each with a wing disc attached to the pupal walls. Internal tissues obscuring the discs were removed carefully ( Fig. 1 C-E ). The dissected tissue was then placed in a culture dish, with the open surface facing the coverslip on the base (Fig.1) .
A drop of 2% agarose, melted in PBS and allowed to cool until just before it set, was then placed over the cuticle. Once solid, approximately 2.5 mL of fresh medium was added to the dish.
Observation Chamber Construction. The chamber was made with a double layer of double side tape (Sellotape acid free). The choice of the tape is important: some released adhesive into the medium, impairing the eversion. The two layers were perforated using a hole puncher, generating a hole of approximately 6 mm diameter. The tape was attached to a 22 × 50-mm coverslip and trimmed to the same size. The coverslip was then attached to a metal slide with a cut-out panel. Finally, the chamber/hole was filled with medium and the discs placed in it and then covered with the semipermeable membrane as described.
Confocal Microscopy. We have used three different confocal systems: a Zeiss LSM510 on an upright microscope; a Zeiss LSM 710 on an inverted microscope; and a Perkin-Elmer spinning disc UltraVIEW ERS with an Orca ER CCD camera (Hamamatsu). Exact settings varied with experiment and system but were chosen to balance the need for a clear image with minimizing laser exposure to avoid tissue damage. Typically we took between 80 and 120 z sections at 1-μm interval every 20 to 50 min. When imaging the whole discs, the interval was decreased to allow a full 3D reconstruction. The images were analyzed using Adobe Photoshop CS2, Image J, and Volocity (Improvision) software.
